Abstract: Mild cognitive impairment (MCI) is associated with early memory loss, Alzheimer neuropathology, inefficient or ineffective neural processing, and increased risk for Alzheimer's disease (AD). Unfortunately, treatments aimed at improving clinical symptoms or markers of brain function generally have been of limited value. Physical exercise is often recommended for people diagnosed with MCI, primarily because of its widely reported cognitive benefits in healthy older adults. However, it is unknown if exercise actually benefits brain function during memory retrieval in MCI. Here, we examined the effects of exercise training on semantic memory activation during functional magnetic resonance imaging. Seventeen MCI participants and 18 cognitively intact controls, similar in sex, age, education, genetic risk, and medication use, volunteered for a 12-week exercise intervention consisting of supervised treadmill walking at a moderate intensity. Both MCI and control participants significantly increased their cardiorespiratory fitness by approximately 10% on a treadmill exercise test. Before and after the exercise intervention, participants completed a fMRI famous name discrimination task and a neuropsychological battery, Performance on Trial 1 of a list-learning task significantly improved in the MCI participants. Eleven brain regions activated during the semantic memory task showed a significant decrease in activation intensity following the intervention that was similar between groups (p-values ranged .048 to .0001). These findings suggest exercise may improve neural efficiency during semantic memory retrieval in MCI and cognitively intact older adults, and may lead to improvement in cognitive function. Clinical trials are needed to determine if exercise is effective to delay conversion to AD.
Introduction
There is an urgent need to identify effective treatments that may improve cognitive function and brain function in those most at risk for Alzheimer's disease (AD). 1 One of the greatest predictors of AD is a diagnosis of mild cognitive impairment (MCI), with 40% of individuals diagnosed with MCI progressing to AD over a 4-year period 2 and approximately 60% exhibiting autopsy-verified AD postmortem. 3 Recent diagnostic criteria now include the term 'MCI due to AD', underscoring the probable decades-long neuropathologic history that eventually leads to clinically observable symptoms and a MCI diagnosis. 4, 5 In addition to impaired episodic memory function, one of the first observable symptoms of MCI due to AD is the inability to remember familiar names, the most common memory complaint among older adults. 6 Indeed, the semantic memory system, in particular, is vulnerable to the earliest stages of AD. 7, 8 In addition to episodic and semantic memory impairments, individuals diagnosed with MCI have been shown to exhibit alterations in cerebral perfusion 9 and functional activation of brain networks, [10] [11] [12] as well as increased brain amyloid, 13, 14 cortical thinning, 15 and atrophy of the hippocampus. 16 It has been hypothesized that reduced functional connectivity within the default mode network may be related to increased amyloid retention, and further, that greater task-activated neuronal activity may exacerbate amyloid deposition. 17, 18 Greater taskinduced brain activation during successful memory retrieval may reflect a compensatory response 19, 20 or utilization of cognitive reserve 21 that helps to sustain normal function. Alternatively, it is possible that greater task-related neural activation is a sign of underlying neuropathology and neural inefficiency or overload that may be indicative of impending cognitive decline. 22, 23 For example, it has been suggested that a successful intervention for cognitive decline will result in more efficient neural processing, perhaps via reduced neural interference, 23 and thus, a reduction in the neural activation required to perform a memory task.
Despite the need for effective treatments for early memory loss, a recent NIH consensus panel concluded there was no solid evidence for any intervention or modifiable factor to improve memory or brain function in MCI. 24 It was noted, however, that physical exercise is one intervention that has shown considerable promise. Previous studies in cognitively intact healthy older adults have shown that exercise training 25 or greater self-reported physical activity 26 was associated with an increase or greater fMRI activation during a cognitive task. Although exercise is known to produce cognitive and hippocampal benefits in healthy older adults, 27, 28 we know very little regarding how, or if, exercise may affect brain function in patients diagnosed with MCI. 1 Two clinical trials have shown that an exercise intervention leads to limited improvement in cognitive function in MCI participants 29, 30 and older adults with subjective memory complaints. 31 Another study found greater caudate activation during semantic memory retrieval in physically active compared to physically inactive MCI participants. 32 Greater grey matter volume was reported in early-stage AD patients who had greater cardiorespiratory fitness compared to those with lower fitness. 33 However, it is unknown if exercise training alters neural processing during memory retrieval in individuals diagnosed with MCI. The purpose of the current study was to determine if a 12-week walking exercise intervention affects semantic memory fMRI activation and neuropsychological outcomes in individuals diagnosed with MCI compared to cognitively intact older adults. Based on the previous effects of exercise on task-activated fMRI, we hypothesized that exercise training would lead to an increase in semantic memoryrelated activation in both MCI participants and healthy controls.
Materials and Methods

Participants and Pre-Screening
Community dwelling older adults, ages 60 to 88 years, were recruited from in-person informational sessions at retirement communities and community recreation centers, through newspaper and other local advertisements, and through referrals from local physicians. Participants were pre-screened with a structured telephone interview to determine eligibility. Eligible volunteers then provided written informed consent, physician approval for moderate intensity exercise was obtained, and a neurological evaluation was conducted to further determine eligibility. On a separate day, prior to baseline neuropsychological or exercise testing, eligible participants underwent a mock MRI scan session and practiced the fMRI task. Participants who completed the baseline neuropsychological and exercise testing sessions were paid for their participation. Figure 1 describes the flow of participants from initial recruitment to the completion of the study. This study was conducted according to the Helsinki Declaration of 1975 and was approved by the Institutional Review Board at the Medical College of Wisconsin.
Inclusion and Exclusion Criteria
Volunteers who indicated they engaged in less than 3 days/week of moderate intensity physical activity for the past 6 months were included. Participants were excluded if they reported a history or evidence of: 1) neurological illnesses/conditions, such as head trauma with significant loss of consciousness (>30 min), cerebral ischemia, vascular headache, carotid artery disease, cerebral palsy, epilepsy, brain tumor, chronic meningitis, multiple sclerosis, pernicious anemia, normal-pressure hydrocephalus, HIV infection, Parkinson's disease, or Huntington's disease; 2) medical illnesses/conditions that may affect brain function, such as untreated hypertension, glaucoma, and chronic obstructive pulmonary disease; 3) current untreated Axis I psychiatric disturbance meeting DSM-IV Axis I criteria, including severe depressive symptoms and substance abuse or dependence; 4) exclusion criteria specific to MR scanning: pregnancy, weight inappropriate for height, ferrous objects within the body, and a history of claustrophobia; 5) left-handedness (laterality quotient [LQ] < 50); 34 6) current use of psychoactive medications, except stable doses of SSRI and SNRI antidepressants; 7) any unstable or severe cardiovascular disease or asthmatic condition; and 8) history of transient ischemic attack or > 4 on the modified Hachinski ischemic scale. The Geriatric Depression Scale (GDS) 35 and the Lawton and Brody Self-Maintaining and Instrumental Activities of Daily Living (ADL) Scale 36 were also administered. Participants were excluded if they scored > 15 on the GDS, or showed relatively impaired ADLs. Participants taking acetylcholinesterase inhibitors (AChEI), as well as beta-blockers or other anti-hypertensive medications, were included as long as their medication dosage was stable for at least one month prior to and during the intervention. There were no significant differences between the groups in AChEI use.
Neuropsychological Test Battery and Clinical Criteria for MCI
A comprehensive neuropsychological test battery was administered before and after the exercise intervention, between 0700 hrs and 1100 hrs, prior to the exercise test and on a different day than the MRI scan session. The battery included the Mini-Mental State Exam, 37 Mattis Dementia Rating Scale -2, 38 Rey Auditory Verbal Learning Test (AVLT), 39 the Logical Memory and Letter-Number Sequencing subtests of the Wechsler Memory Scale-III, 40 Symbol-Digit Modalities Test, 41 Controlled Oral Word Association Test, 42 animal fluency, and the Clock Drawing Test. 43 Alternate forms of the AVLT and the DRS were used at the pre-and post-intervention test sessions. Determination of cognitive status (MCI or healthy control) was determined using the core clinical criteria set forth by the recent NIHAlzheimer's Association workgroup on the diagnosis of MCI due to AD. MCI was defined by: 1) subjective concern regarding change in cognition; 2) impairment in one or more cognitive domains; 3) preservation of independence in activities of daily living; and 4) not demented.
Exercise Test
Before and after the exercise intervention, participants completed a submaximal exercise test to estimate peak aerobic capacity (VO2peak). Prior to each exercise test, the metabolic cart system was calibrated against known concentrations of O2 and C O2. The exercise test was conducted on a motorized treadmill (General Electric, Milwaukee, WI) using a modified Balke-Ware protocol (2.0 mi/hr (3.2 km/hr) at 0° grade, with grade increase of 1° per minute), in accordance with the American College of Sports Medicine Guidelines. 44 Each test began and ended with 3-5 min of level walking at 1-2 mi/hr (1.6-3.2 km/hr). Heart rate, blood pressure (every 2 minutes), ratings of perceived exertion (every minute), and expired air (VO2, VCO2; every 15 sec) were collected during each test (ParvoMedics, Sandy, UT). The exercise test was terminated when the participant's heart rate reached 85% of heart rate reserve, if there was an abnormal blood pressure response (e.g., raise in diastolic blood pressure > 110 mmHg), or the participant indicated a desire to stop the test. Heart rate reserve was defined as age-predicted maximal heart rate (220−age) minus resting heart rate determined after 10 minutes of supine rest prior to the exercise test. VO2peak (ml/kg/min at STPD) was estimated from the highest VO 2 value obtained during the Test. 44 
Exercise Intervention
Participants completed a 12-week treadmill walking exercise intervention (44 total sessions). A qualified personal fitness trainer or exercise physiologist supervised each session of exercise, which was conducted individually or in a group of no more than two participants at a fitness center location near their home or within their community. The exercise intensity, session duration, and weekly frequency was gradually increased during the first 4 weeks until the participants were walking 30 minutes per session, 4 sessions per week, at an intensity approximately 50-60% of heart-rate reserve (HRR) during weeks 5-12. The intervention was tailored to each individual based on baseline exercise capacity. The treadmill grade and/or speed were modified each session based on the heart rate and perception of effort of the participant (not more than 15 on the Borg 6-20 RPE scale) and was designed to moderately challenge the participant and to increase cardiorespiratory fitness. Each session began and ended with 10 minutes of very light walking and flexibility exercise. Participants wore a Polar R heart rate monitor and also provided subjective ratings of perceived exertion throughout each exercise session.
45,46
Functional MRI Famous Name Recognition Task
Participants underwent an MRI session before and after (within 3-5 days) the intervention on a day that neuropsychological testing or exercise was not performed. The fMRI task stimuli consisted of 30 names of easily recognized famous persons (e.g., Frank Sinatra) and 30 names of non-famous individuals chosen from a local phone book. Only names with a high rate of identification (> 90% correct for A trial consisted of the visual presentation of a single name for 4 s. Participants were instructed to make a right index finger key press if the name was famous and a right middle finger key press if the name was non-famous. Both accuracy (% correct) and reaction time (in ms) were recorded. The 60 name trials were randomly interspersed with 20 4-s trials in which the participant was instructed to fixate on a single centrally placed crosshair in order to introduce "jitter" into the fMRI time course. The imaging run began and ended with 12 s of fixation. Total time for the single imaging run was 5 min 44 s.
fMRI Acquisition
Whole-brain, event-related fMRI was conducted on a General Electric (Waukesha, WI) 3.0 Tesla scanner equipped with a quad split quadrature transmit/receive head coil. Images were collected using an echoplanar pulse sequence (TE = 25 ms; flip angle = 77 degrees; field of view (FOV) = 240 mm; matrix size = 64 x 64). Thirty-six contiguous axial 4-mmthick slices were selected to provide coverage of the entire brain (voxel size = 3.75 x 3.75 x 4 mm). The interscan interval (TR) was 2 s. High-resolution, three-dimensional spoiled gradient-recalled at steady-state (SPGR) anatomic images were acquired (TE = 3.9 ms; TR = 9.6 ms; inversion recovery (IR) preparation time = 450 ms; flip angle = 12 degrees; number of excitations (NEX) = 1; slice thickness = 1.0 mm; FOV = 240 mm; resolution = 256 x 224). Foam padding was used to reduce head movement within the coil.
Image Analysis
During image analysis, the analyst was blind to participant group. Functional images were analyzed with the Analysis of Functional NeuroImages (AFNI) software package. 48 For each image time series, the first 5 TRs were excluded, and each subsequent point was timeshifted to the beginning of the TR. The time series were spatially registered to reduce the effects of head motion, aligned to the participant's high resolution anatomical image, transformed into standard stereotaxic space, 49 spatially smoothed with a 4 mm Gaussian full-width half-maximum filter, and scaled to percent signal change. A deconvolution analysis was used to extract separate hemodynamic response functions (HRFs) for famous and non-famous names from the time-series. HRFs were modeled for the 0-16 s period post-stimulus onset. Motion parameters were incorporated into the model as nuisance regressors. Despite the high task accuracy rate (see Table 2 ), estimation of the HRFs for identification of famous names and rejection of non-famous names was restricted to correct trials. Area under the curve (AUC) was calculated by summing the hemodynamic responses at time points 4, 6, and 8 s post trial onset.
Spatial Extent Analysis
This analysis was performed to examine between group differences in the spatial extent of activation comparing the Famous and Non-famous name conditions. For each group, statistical parametric maps were generated to identify voxels where the AUC for famous names differed significantly from the AUC for non-famous names. An individual voxel probability threshold (t (16) = 3.25, p = .005) was coupled with a minimum cluster volume threshold of 0.343 ml (8 contiguous voxels). This combination of individual voxel probability and minimum cluster size thresholds is equivalent to a whole brain family-wise error threshold of p < .05 based on 100,000 Monte Carlo simulations. 50 
Functional Region of Interest (fROI) Analysis
A fROI analysis was conducted to evaluate potential group differences in the magnitude of the BOLD response in functionally active regions. 12, 26, 32 A fROI map was generated with a disjunction mask by conjoining the activated regions identified in the spatial extent analysis across the four groups. Any voxel deemed significantly activated by the Famous-Non-famous name subtraction in at least one of the four groups contributed to the final fROI map. For each participant, an average AUC was calculated from all voxels within each fROI. granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
APOE Genotyping
APOE genotype was determined from a venous blood sample using a PCR method described by Saunders et al., 51, 52 with modification. DNA was isolated from 300ul whole blood using the UltraClean Blood DNA Isolation kit (non-spin) (MoBio, Carlsbad, CA), according to manufacturer's instructions. Isolated DNA (2ul) was amplified with primers specific for APOE2, APOE3, and APOE4 in separate reactions with FAST SYBR Green master mix (Life Technologies, Grand Island, NY) using a StepOne Plus real-time PCR system (Life Technologies). All reactions were examined for amplification and genotype resolved by melt peak analysis.
Statistical Analysis
AUC (4, 6, and 8 s post stimulus onset) in each fROI served as the dependent variable in a 2 Group (MCI vs. Healthy Controls) X 2 Time (Pre-Exercise vs. Post-Exercise) repeated measures analysis of variance (ANOVA) (SPSS 19) to examine main effects of Group and Time, and the interaction between Group and Time. The false discovery rate (FDR) was calculated to control the family-wise error rate for the multiple repeated measures ANOVAs conducted on the fROIs. Similar 2 Group X 2 Time repeated measures ANOVAs were conducted for the neuropsychological test outcomes and measure of cardiorespiratory fitness (VO2peak). Group demographic variables were compared before the exercise intervention using independent samples t-tests. Significance was determined by a two-tailed alpha < .05.
Results
Participant Baseline Characteristics
The MCI and Control groups did not differ prior to the exercise intervention in age, education, sex, proportion of APOE-ε4 carriers, and ADL scores (see Table 1 ). As expected, the Controls performed significantly better than the MCI participants on all of the neuropsychological measures, except DRS-Construction (see Table 1 ). The MCI participants had slightly greater symptoms of depression, granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
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however the mean scores for both groups were in the normal range. 35 The groups were intact and did not differ on activities of daily living.
Exercise Intervention Fidelity
The mean (±SD) number of exercise sessions completed, which did not differ between groups, was 42.3 (2.2) out of 44 total sessions, and the mean (±SD) adherence rate was 96.1 (5.0%) of the total exercise sessions. The mean (±SD) intensity of the exercise, which also did not differ between groups, during the first four weeks and weeks 5-12 was 46.9 (7.1%) HRR and 54.7 (11.0%) HRR. The mean (±SD) rating of perceived exertion (RPE) was 10.6 (1.8) and 10.8 (2.0), respectively, which is most closely associated with the verbal descriptor of "Light" exertion. The exercise intervention resulted in a significant mean increase in VO2peak by 2.0 ml/kg/min, an approximately 10.6% increase in cardiorespiratory fitness. Although the MCI group appeared to show a greater increase in VO2peak, the change in cardiorespiratory fitness over time did not significantly differ between the groups (see Table 2 ), and the groups did not differ in fitness at baseline.
Semantic Memory fMRI Task Behavioral Performance
As shown in Table 2 , performance of the famous name recognition task was similar in both the MCI and Control groups; the mean (±SD) percent correct for famous and non-famous names was 80.2 (16.4) and 83.2 (18.6), respectively. The groups did not differ in percent correct famous name recognition or in reaction time for either name category at both pre-and post-exercise intervention, and there were no significant changes over time in task performance in either group. The Control group performed better than the MCI group on percent correct rejection of non-famous names (94.0% vs. 83.6%; p < .05). Only correct trials were included in the analysis of the fMRI data.
Semantic Memory fMRI Activation -Spatial Extent Analysis
Maps showing regions that were activated in the comparison of famous and non-famous name conditions in the MCI and control groups at the pre-and post-exercise intervention scans are presented in Figure 2 (see Table 3 for activation loci and volumes). The Famous > Non-famous subtraction (shown in red Figure 2 ) resulted in a greater volume of semantic processing-related activation in the Control group (77.0 ml) compared to the MCI group (19.1 ml) pre-exercise. The volume of activated tissue decreased post-exercise in both groups (to 23.0 ml and 11.3 ml, respectively). Twenty-six regions (i.e., fROIs) showed significant activation in at least one of the groups at one of the time points (shown in Figure 3 ).
Semantic Memory fMRI Activation -fROI Analysis
The analysis of mean activation intensity (%AUC) in the 26 fROIs revealed significant main effects of Time in 11 regions, significant main effects of Group in three regions, and significant Group x Time interactions in three regions (see Table 4 ). Seven regions survived the FDR threshold among the main effects of Time; however, none of the main effects for Group or the Group x Time interactions survived the FDR threshold. Figure 4 shows the seven fROIs that survived the FDR threshold for the main effect of Time, plus two additional regions with p-values that were just above the FDR threshold. In all regions and in both groups, semantic memory-related activation significantly decreased from pre-to post-exercise intervention.
Neuropsychological Test Performance
As shown in Table 2 , Trial 1 learning on the AVLT significantly improved from pre-to post-exercise intervention in both the MCI and Control groups. There was also nearly significant improvement on Trials 1-5 learning on the AVLT (p = .06) and the Clock test (p = .06). With the exception of ADLs, which were intact and did not differ between groups, the MCI participants and controls differed significantly granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
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on the neuropsychological diagnostic and outcome measures before and after the intervention, and there were no significant Group x Time interactions for the neuropsychological outcomes.
Discussion
A 12-week walking exercise intervention led to a 10% increase in maximal aerobic capacity and an associated decrease in semantic memory retrieval-related fMRI activation in MCI participants, and cognitively intact older adults. Single trial list-learning significantly improved in both groups, and learning through repetition (AVLT Trial 1-5 sum) improved by approximately two words in the MCI participants and by approximately three words in cognitively intact elders. While these cognitive improvements did not differ statistically between the groups, the quality of the cognitive improvement in MCI participants was remarkable given their history of cognitive decline and likelihood for future cognitive decline. Despite the use of alternate forms, some improvement due to familiarity with the test format might be expected in cognitively intact participants. Yet, the familiarity effect in persons with impaired cognition is typically observed as a stable performance over time. Although the controls continued to outperform MCIs, the cognitive improvement in this MCI sample exceeds what could be expected with repeated test administration. 53 While we did not have a non-exercise control condition, this observation nonetheless represents a sizeable treatment effect in the context of baseline performance. Indeed, the achievement of cognitive stability in MCI is considered a marker of treatment success in pharmacologic, 54 cognitive training, 55 and exercise interventions. 31 The cognitive improvement in the MCI participants in the current study is supported by the changes in task-activated fMRI that were concurrently observed. This supports the hypothesis that exercise may impact on the neural networks related to memory retrieval.
Our hypothesis of increased fMRI activation after the exercise intervention was not confirmed. We based our prediction on the few previous studies among healthy older adults that reported increased task-activated fMRI activation after exercise training or in more physically active participants. In cross-sectional comparisons of healthy APOE-ε4 carriers vs. non-carriers, physically active ε4 carriers granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
14 showed greater fMRI activation 26 and were less likely to exhibit cognitive decline than those who were less active or noncarriers. 56 In the only other exercise intervention to examine effects on taskactivated fMRI, cognitively intact older adults exhibited improved inhibitory control (flanker) task performance and, as a consequence of the intervention, increased fMRI activation in middle and superior frontal gyri and the superior parietal lobule, and decreased activation in the anterior cingulate cortex. 25 Thus, because the intervention led to both a change in behavioral task performance and currently recorded neural activation, the effects of the intervention on brain networks are difficult to isolate. As such, these results are difficult to compare with the current study where task performance was constant. In our study, behavioral performance on the alternate forms of a famous name task was always high in both groups, did not change over time, and we only included correct trials in the fMRI analysis. Thus, we examined the effects of exercise on successful semantic memory retrieval at both the pre-and post-intervention measurements, without the confounding effects of improved task performance. Given the consistent memory retrieval performance, our results suggest that semantic memory retrieval-related neural activation became more efficient in both MCI and cognitively intact participants from before to after the exercise intervention.
These effects highlight one of the primary theoretical debates in the fields of cognitive aging and dementia. While greater neural activation during memory retrieval may reflect successful compensation or neural reserve, as suggested for example by the STAC theory, 19 compensation resulting in greater neural activation is also paradoxically associated with increased brain amyloid accumulation and greater probability of MCI diagnosis. This suggests the compensatory response, while promoting a preservation of function, may ultimately lead to greater AD pathology. Our previous cross-sectional 26, 32 and longitudinal work 56 is consistent with the idea that greater neural activation, as measured by greater extent and intensity of fMRI activation during fame recognition, is associated with cognitive stability over time. However, our current prospective intervention data suggest that exercise training may enhance cognitive and neural reserve in MCI, not through a greater capacity to activate neural tissue, as we initially predicted, but rather through a reduced granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
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neural workload during successful engagement of semantic memory networks. Whether or not exercise training alters the underlying clinical or neuropathological trajectory of AD remains to be determined.
We selected a semantic memory fMRI task as the primary outcome. While previous studies have shown that fMRI activation during episodic memory tasks may predict future cognitive decline, 11, 57 others have reported that semantic memory fMRI activation may be better predictors of longitudinal cognitive change than episodic memory fMRI tasks. 58 The famous name recognition task we used has several advantages over episodic memory encoding or recognition memory tasks. First, the famous name task requires little effort and both memory impaired and cognitively intact persons can perform the task with a high degree of accuracy. Moreover, the event-related fMRI design permits the exclusion of incorrect trials and thus limits the analysis to only successful memory performance. Blocked fMRI designs, for example the comparison of a memory encoding block to a rest block, 11 do not allow one to distinguish correct from incorrect task performance and thus groups differences may reflect activation due to greater effort or task difficulty in the cognitively impaired group. The high performance in both groups within the current study, paired with the inclusion of only correct trials, removes any confounding influence of task difficulty or performance differences between groups. Moreover, famous name task performance (by design) did not change over time in either the MCI or cognitively intact elders. Thus, the effects we observed cannot be attributed to improved task performance. Rather, our results suggest exercise training resulted in a reduced neural response to perform consistently successful semantic memory retrieval, an effect observed in both controls and MCI participants.
One interesting exception to this effect occurred in the precuneus and posterior cingulate cortex (PCC). These regions, which show a reduction in BOLD signal intensity during non-semantic tasks compared to the resting state, 59 are activated by a number of semantic tasks. 60 The precuneus and PCC activation in the current study, along with the other regions activated by the famous name task, overlaps with the semantic memory system and the 'default mode network', granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
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consistent with data indicating the resting state reflects ongoing semantic processing. 60 Importantly, these are regions that show hyperactivation and resistance to deactivation during non-semantic tasks in MCI, and also exhibit early signs of amyloid retention in both MCI and healthy APOE-e4 carriers. 10 As MCI progresses to AD, precuneus/PCC hypometabolism and reduced functional connectivity have been observed. 17, 18 One hypothesis is that precuneus/PCC hyperactivation in MCI is a compensatory response to hippocampal neurodegeneration. 10, 17, 19 In our sample, while the Group x Time interaction in the bilateral precuneus/PCC was not significant (region 7 in Figure 4 , p = .08), an exploratory post-hoc analysis showed that the decrease over time was significant in the control group (p = .002), but not in the MCI group (p > .7). It is possible that the effects of exercise training on precuneus/PCC activation were blunted in the MCI participants in order to preserve compensatory activation in the face of early hippocampal neurodegenerative processes. This is consistent with our previous study that found no difference in precuneus/PCC activation during fame discrimination between physically active and physically inactive MCI participants. 32 In the cognitively intact controls, there may have been room to improve on the efficiency in the precuneus/PCC region because it was not necessary for this region to simultaneously compensate for medial temporal lobe dysfunction. However, this interpretation is speculative and should be viewed with caution, as we did not measure AD-related neuropathology in our participants.
Previous exercise clinical trials in MCI participants have been limited to outcomes from neuropsychological testing. 1 Two studies that reported a failure of improvement in neurocognitive performance in MCI after an exercise intervention suffer from somewhat questionable efficacy of the intervention. 61, 62 In contrast, another study reported improved verbal fluency, Stroop Color-Word Interference and Symboldigit Modalities Test performance after a 6-month exercise intervention, which evidenced a comparable increase in fitness as achieved in the current study (11.5% vs. 10.6% in the current study). 29 In contrast to the current study, their effects were observed only in women, whereas we did not find a difference between men and women on any outcome. Finally, a study of elders with MCI and elders with subjective memory complaints not meeting criteria for MCI demonstrated stable cognition in those who participated in a 6-month home-based exercise program, compared with those who did not exercise, who declined significantly over the same period (change of −0.26 points, 95% CI −0.89-0.54).
31 These results also add support for our interpretation of the current study that improved cognition in MCI over a 3-month exercise intervention is remarkable.
Memory training interventions have demonstrated effectiveness to improve training-related and non-training-related cognitive task performance in healthy younger and cognitively intact older adults. 63 The changes in task-related fMRI activation after memory training interventions, however, have been inconsistent, with some studies reporting decreased activation and some increased activation. 63 In one study, fMRI activation increased in both older adults diagnosed with MCI (mean age 70 years) and healthy controls after a 6-week, one session per week, memory training intervention. 64 That study employed an episodic memory task in a blocked fMRI design, where task performance differed between groups and both groups exhibited task improvement after training. As with some exercise interventions, this leaves unclear the foundations for activation changes. In the current study, our MCI and control participants did not differ or change over time on the activation task and only correct trials were included in the analysis, thereby precluding the likelihood that the effects could be due to inherent group differences or task difficulty. Moreover, despite the primary effect of reduced magnitude of semantic memory activation, MCI participants also showed new areas of activation after the intervention (see Table 3 , Figure 2 ), particularly in left superior frontal gyrus, medial frontal gyrus (Brodmann's areas 6 & 8) , and left lateral occipital and fusiform gyri (Brodmann's areas 18 & 19) . These results are consistent with the findings of Belleville et al. and partly support theories that hypothesize cognitive improvement or compensation will result in the recruitment of new neural circuits. 20, 21, 65 Although the comparative and potential synergistic effects of exercise with cognitive training interventions are of great interest, 56 direct comparisons of the combined treatments have not yet been made.
One limitation of this study is that we did not include a 'no treatment' or active control condition. Thus, we are not able to directly account for the effects that may be due to the passage of time or practice. Some have suggested that repeated fMRI scans result in reduced task activation due to familiarity with the task or scanner environment. 66 However, such fMRI practice effects also are accompanied by moderate to large task related learning effects from the first to the second session. Thus, it is possible the fMRI changes over time reflect changes in task difficulty, which could have resulted in greater error (in blocked designs) or effort-related activation on the first scan. Yet, when a well learned task is repeated after several weeks, the changes in fMRI activation are very minimal and bidirectional. 67 This is a critical distinction when making comparisons across studies. 58 Our famous name recognition task is not subject to task-related practice effects. The participants enter the scanner with decades of experience recognizing famous names and so perform the task with ease, even with existing episodic memory impairments. Moreover, task performance did not improve over time. We also have shown (unpublished data), using the same famous name task in a sample of 16 cognitively intact APOE-ε4 carriers, that the patterns and intensity of fMRI activation did not change over an 18-month interval during which little or no regular physical activity occurred, in the absence of any intervention. 68 In regard to changes over time on the AVLT, stable cognitive function among healthy older adults is often denoted by a small increase in cognitive test performance on alternate forms due to familiarity with the test format. 69 Among those with MCI, this familiarity effect often manifests as equivalent performance, not increased performance, over repeated test administrations. 53 Thus, given the expectation that those with MCI, in the absence of intervention, are likely to exhibit cognitive decline, the measured cognitive improvement in the MCI group suggests a real treatment effect that can be attributed to the exercise intervention. We acknowledge, however, that additional randomized controlled trials are needed.
We used a sound experimental manipulation of cardiorespiratory fitness in response to a well-supervised and well-attended exercise intervention to determine if neural function during memory retrieval could be affected in participants with MCI. Our results provide the first evidence that exercise may induce neural plasticity in individuals diagnosed with MCI. However, the rigor necessary to achieve a similar granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
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degree of integrity in an exercise intervention may not be feasible in larger clinical trials, and thus the effects we report may be attenuated in community-based or unsupervised exercise programs. Another limitation is that our sample was primarily Caucasian and well educated, and so it will be important to determine the effects of exercise in multiple ethnic groups. Lastly, our MCI group was by definition not demented and had intact ADLs. These effects may not generalize to individuals diagnosed with AD, or to those with greater clinical symptoms or functional impairments.
Regarding potential mechanisms, one can only speculate due to the pleiotropic effects of exercise. In rodents, exercise has been well documented to stimulate the transcription, translation, and release of neurotrophic factors (e.g., brain derived neurotrophic factor, insulinlike growth factor-1) and to promote neurogenesis, particularly in the dentate gyrus of the hippocampal formation. [70] [71] [72] There is also preliminary evidence that exercise may produce these neurotrophic effects in the hippocampal formation in healthy adults 73 and healthy older adults. 27 It is also possible that the cholinergic effects of exercise may increase cerebral perfusion, possibly affecting the neurodynamics of the blood-oxygen level dependent fMRI signal 74 that may reflect improved network efficiency. 23 There is preliminary evidence that exercise may attenuate the accumulation of beta-amyloid in rodents 75 and cognitively intact older adult APOE-ε4 carriers. 76 However, it is unknown if these potential mechanisms are engaged by exercise in individuals diagnosed with MCI or others at increased AD risk. 1 The current findings are consistent with the effects of greater left caudate activation in more physically active MCI participants. 32 Dopaminergic projections within frontal-striatal networks, which are agonized by exercise 77 and by working memory training interventions, 78 may dampen neural interference and improve the gain on task relevant neural signals during semantic memory retrieval. 23, 79 Moreover, noradrenergic activation in response to single sessions of exercise has been shown to benefit memory consolidation in MCI, 80 suggesting that the long-term cognitive benefits may accumulate with repeated bouts of exercise. granted for this version to appear in e-Publications@Marquette. IOS Press does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from IOS Press.
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In conclusion, a 12-week walking exercise intervention in MCI participants resulted in improved single trial list-learning performance and a reduction in fMRI activation during a semantic memory retrieval task. Decreased fMRI semantic memory-related activation after the exercise intervention, coupled with improved episodic memory performance, suggests exercise training may improve neural efficiency during successful memory retrieval in MCI. This further suggests the large-scale manipulations of cardiovascular and brain neurotrophic systems with exercise promote neural plasticity and improved brain function in MCI. Whether or not these effects can delay or prevent AD conversion, and how exercise compares to pharmacologic, cognitive training, or other interventions, remains to be determined. administered to 9 patients and 15 controls, were 24.9 (2.8) and 28.9 (1.1), respectively (p = .00002). Table 2 . Neuropsychological, behavioral, exercise and fMRI task outcome data for both participant groups. Note: Significant difference between common superscript a, p < .01; ADL = activities of daily living; AVLT = Rey Auditory Verbal Learning Test; DR = delayed recall; GDS = Geriatric Depression Scale; IR = immediate recall; RT = reaction time; VO2peak = peak rate of oxygen consumption. fMRI task performance did not change over time, and the groups differed only in %Correct Non-famous (Group main effect, p < .05). Table 4 and Figure 3 .
